We report a quantitative measurement of the amount of charge that is transferred when the single ammonia complex of the photoacid ␤-naphthol ͑2HNA͒ is excited by light. The measurement was made by comparing the permanent electric dipole moments of cis-2HNA in its ground ͑S 0 ͒ and excited ͑S 1 ͒ states, determined by Stark-effect studies of its fully resolved S 1 ← S 0 electronic spectrum. While the increase in electron transfer from the donor ͑NH 3 ͒ to the acceptor ͑2HN͒ upon excitation is small ͑ϳ0.05e͒, it is sufficient to redshift the electronic spectrum of the complex by ϳ600 cm −1 ͑ϳ0.1 eV͒. Thereby explored is the incipient motion of the acid-base complex along the excited state ͑electron-coupled͒ proton transfer coordinate. © 2009 American Institute of Physics. ͓doi:10.1063/1.3259690͔
The electronic structure of isolated molecules is of paramount importance to their chemical behavior. Organic and inorganic molecules must communicate efficiently with a variety of other entities to create a working biological system. The most important building blocks of life, including nucleic acids, 1 the amino acids that form proteins, 2 and light harvesting chromophores comprising photosynthetic systems 3 cannot function without charge transfer ͑CT͒ processes. Complex systems such as membrane ion pumps, molecular wires, and bulk solvent systems all require organized charge motion along specific intra-and intermolecular coordinates. 4 In the field of nonlinear optics, CT states in organometallic systems often have large hyperpolarizabilities, and therefore important second-order optical properties essential for various materials science applications. 5 Several experimental techniques have been used to directly observe CT in molecular systems. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Importantly, very few of these methods are capable of measuring the actual amount of charge transferred between the component parts of the studied molecular system, particularly in electronically excited states. Here, we demonstrate that this desirable objective can be achieved by comparing the permanent electric dipole moments ͑EDMs͒ of a solvent-solute cluster and its component parts before and after they are excited by light to promote CT,
Our "proof-of-principle" experiment was performed on a single conformer of the 1:1 acid-base complex of ␤-naphthol and ammonia ͑cis-2HNA͒ using rotationally resolved electronic Stark-effect spectroscopy in a molecular beam. 21, 22 Previous experiments 10 have shown that this reaction occurs with unit efficiency in large clusters 2HNA n with n Ն 4. In the single ammonia complex, we thus explore incipient motion along the excited state proton transfer coordinate. Figure 1 shows a portion of the fully resolved S 1 ← S 0 fluorescence excitation spectrum of cis-2HN at 30 903.3 cm −1 , both in the absence 23 and presence 24 of an applied electric field. The Stark-induced splitting of the different M J states is evident. To determine the permanent EDMs of the isolated molecule in both electronic states, ten Stark spectra were taken at full rotational resolution with applied electric fields ranging from 85 to 2115 V/cm. The experimental spectra were fit by carrying out exact diagonalizations of truncated matrices using the appropriate Hamiltonian for each electronic state, 22 and simulated using a Voigt a͒ Electronic mail: pratt@pitt.edu.
FIG. 1.
Shown in ͑a͒ is the zero-field origin band of the S 1 ← S 0 electronic spectrum of cis-2HN. At full rotational resolution, ͑b͒ shows a portion of the zero-field experimental spectrum ͑black trace͒ compared with the simulated spectrum ͑blue trace͒ using a convoluted line shape at a rotational temperature of 5 K. The most intense transition ͉͑JЈK a line shape function. 25 The dipole moment components and standard deviations shown in Table I This situation is changed dramatically by the attachment of a single ammonia molecule to cis-2HN. Figure 2 shows rotationally resolved electronic spectra of the S 1 ← S 0 origin band of cis-2HNA, which consists of two overlapping subbands ͑owing to an internal-rotation tunneling motion of the attached NH 3 ͒ at 30 317.7 and 30 316.9 cm −1 , respectively. 22 In the Stark experiments on the complex, a total of seven spectra were taken of the two subbands at applied electric fields ranging from 211 to 2115 V/cm. These were fit in a similar manner; for both cis-2HN and cis-2HNA, a rotational temperature of 5 K as well as all zerofield inertial parameters were held constant during the Stark fitting process. Figure 2 shows the high accuracy of these fits for both the A and E subbands over several applied fields. The EDM components and standard deviations for cis-2HNA listed in Table I were taken from a fit of 87 transitions within the A band at a field of 1269 V/cm, with an OMC of 5.1 MHz. Immediately apparent upon comparison of these data to those of cis-2HN are two facts; the magnitude of the EDM is much larger in the complex than in the isolated molecule ͑3.89 versus 1.01 D in the S 0 state͒ and the EDM of the complex increases substantially when it is excited by light ͑4.94 D in S 1 versus 3.89 D in S 0 ͒, a change of nearly 30%. There also are significant light-induced changes in the orientations of the EDMs in the two species.
Insight into the origin of these differences is provided by a comparison of the present results on cis-2HNA with those on a similar system, indole-H 2 O. 27 There it was found that the ͑S 0 and S 1 ͒ EDMs of the complex also are different from those of the isolated molecule, and that the complex EDMs are not equal to the simple vector sum of the EDMs of the component parts; in this case, isolated indole and water molecules. Careful consideration of the possible reasons for these differences then showed that quantitative agreement between theory and experiment could be achieved by postulating the existence of an induced dipole moment, produced by attaching the water dipole ͑and quadrupole͒ to the polarizable indole molecule. ͑Parenthetically, it is important to note that the experiment places significant constraints on a calculation of this sort, since both the distance between the attached solvent molecule and its orientation relative to the solute are known for both electronic states from the rotationally resolved spectra.͒
In the case of cis-2HNA, it is clear upon inspection of Table I that the complex EDMs in the two electronic states also are not simply equal to the vector sum of the EDMs of the component parts ͓cis-2HN= 1.01 D in S 0 , 1.17 D in S 1 , and NH 3 = 1.472 D ͑Ref. 28͔͒. Further, as shown in Table II , values of the induced EDMs ͓calculated from the ab initio molecular polarizabilities of cis-2HN and the dipole and quadrupole moments of NH 3 ͑Refs. 28 and 29͔͒ are not large enough to make up the substantial difference between a vector model calculation and experiment. We therefore postulate the existence of an additional contribution to the EDM of cis-2HNA, CT between the "solvent" and "solute," and write
Here, ជ c2HNA is the permanent EDM of the complex, ជ c2HN Shown in ͑a͒ is the zero-field origin of the S 1 ← S 0 electronic spectrum of cis-2HNA, containing the overlapping A and E subbands. At full rotational resolution, ͑b͒ contains the zero-field experimental spectrum ͑black trace͒ compared with the simulated spectrum ͑blue trace, A subband transitions in blue, E subband transitions in red͒ using a convoluted line shape at a rotational temperature of 5 K and the addition of both simulated subbands. Spectra obtained at ͑c͒ 423 and ͑d͒ 1269 V/cm are shown along with simulated spectra using the dipole moment projections from Table I. is the permanent EDM of bare cis-2HN, ជ NH 3 is the permanent EDM of ammonia, ជ ind is the induced EDM ͓calculated from the molecular polarizability of cis-2HN and the dipole and quadrupole moments of NH 3 , 28,29 separated by R CM , the distance between the centers of mass of cis-2HN and NH 3 ͑Ref. 22͔͒, and ជ CT is the contribution to ជ c2HNA from CT in both electronic states. ͑All vectors contributing to ជ c2HNA have been expressed in the principal axis system of the complex 30 and are illustrated in Fig. 3 .͒ Then, after completing the vector subtraction
and taking the projection of the remaining EDM onto the hydrogen bond axis ͑assumed to be the internal rotation axis of NH 3 ͒, the magnitude of CT was calculated using ជ CT = Qd, where d is the heavy atom separation along the hydrogen bond in both electronic states. 22 We find, from experiment, the magnitude of CT to be Q = 0.09e in S 0 and Q ‫ء‬ = 0.14e in S 1 . ͑The derived values of Q and Q ‫ء‬ are very sensitive to the hydrogen bond axis orientation.͒ Of course, the model used to describe the observed behavior is only approximate. It relies on the adequacy of a multipole expansion at close range and on ab initio polarizabilities. The multipole expansion is expected to diverge if the center of mass distance R CM is less than the spatial extent of the two interacting charge distributions. 31 However, while they have nearly the same magnitudes, the EDMs of cis-2HN and trans-2HN are oriented in opposite directions. Thus, most of the relevant charge in cis-2HNA is localized on the two heavy atoms ͑O and N͒, whose separation is much less than R CM . Also, the cis-2HNA dipole-quadrupole term is significantly less than the dipole-dipole one ͑cf. Table II͒ , suggesting convergence of the multipole expansion. And, while the ab initio polarizabilities are only estimates, especially with such a small basis set, they successfully account for the difference between the measured and predicted dipole moments of indole-H 2 O. 27 Therefore, we believe that our model, although primitive, captures the essential physics of the interaction between cis-2HNA and the attached ammonia molecule.
We can test our experimentally determined values of Q and Q ‫ء‬ in cis-2HNA by using them to calculate the electronic stabilization energy of the complex, relative to the bare molecule, from the relation
Here, E is the interaction energy of two dipoles separated by the distance R CM , E ␣ is the interaction energy of the polarizable cis-2HN with the electric field of NH 3 ͑at the same distance R CM ͒, and E CT is the interaction energy between two point charges, separated by the previously mentioned heavy atom distance d. 32 The resulting values are listed in Table II dominant component of the stabilization energy, E complex,rel ͑ϳ85%͒. It is noteworthy that the measured value of charge separation in the formation of the hydrogen bond in the ground state of cis-2HNA, Q ϳ 0.1e, is consistent with previous estimates of this quantity obtained for other systems through theoretical calculations using a Mulliken population analysis 14 and by microwave spectroscopy. 17 The hydrogen bond in ground state cis-2HNA is ϳ10% ionic, ϳ15% ionic in the excited state.
For over 50 years, 2HN and a variety of other photoacids 33 have been the subject of extensive condensed phase experiments, including several solvatochromic investigations. 34 This vast body of literature has provided a wealth of information on intermolecular interactions, and how they are influenced by the absorption of light. 7 For example, use of the Förster cycle 35 led to estimates of the 2HN excited state acidity constant pK a ‫ء‬ ϳ 2.8, compared with the ground state value of pK a ϳ 9.5, and fueled much speculation about the role of the solvent in excited state proton transfer reactions. The present results show that a single solvent molecule is capable of increasing proton transfer in the excited state by ϳ50%, relative to the ground state. But a much larger factor is needed to explain the large change in pK a values of 2HN on absorption of light. Future experiments of this type will focus on the role of additional solvent molecules in producing this change, as well as CT processes in biological systems.
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